Summary
Introduction
Many spinal pathways control stretch reflex excitability and a malfunction in any one of them could (theoretically at least) produce the stretch reflex exaggeration characterizing spasticity (for references, see Pierrot-Deseilligny, 1990; Dietz, 1992) . In the cat, it has been shown that presynaptic inhibition of la terminals, accompanied by primary afferent depolarization (PAD) and caused by axo-axonal GABA A -ergic synapses, may substantially reduce the monosynaptic transmission of la excitatory effects (Rudomin, 1990) . Presynaptic inhibition and PAD are often considered to be mediated by the same interneurons (for references, see Jankowska, 1992) , which are therefore referred to as 'PAD interneurons' in the following. These interneurons are controlled by descending tracts (Lundberg, 1975) , and it is conceivable that after brain or spinal lesion la pathways are relieved from presynaptic inhibition, which could contribute to the hyperexcitability of the stretch reflex seen in spastics.
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Because the vibratory-induced inhibition of the soleus Hreflex, which has been attributed to presynaptic inhibition of la terminals (Delwaide, 1971 (Delwaide, , 1973 , is decreased in spastic patients, it has been postulated (Delwaide, 1971 (Delwaide, , 1973 , and generally accepted {see Koelman et al., 1993) , that presynaptic inhibition of la fibres accompanying PAD is decreased in these patients. However, it has been argued (Hultborn et al., 1987a ) that homosynaptic depression (or post-activation depression) (Crone and Nielsen, 1989) following repetitive synaptic transmission might also contribute to this vibratory inhibition of the reflex. The problem is serious since it has been shown that this homosynaptic depression, probably related to a reduced probability of transmitter release (Lev-Tov and Pinco, 1992) , is decreased in spastic patients (Nielsen and Hultborn, 1993) . The question then arises whether, and to what extent, presynaptic inhibition of la terminals mediated by axo-axonal GABA A -ergic synapses is affected in spastic patients. In this study we have used the method developed by Hultborn et al. (1987a) which enables one to assess the ongoing presynaptic inhibition on heteronymous la fibres from quadriceps to soleus. Surprisingly, different results were found in patients with spinal cord lesion (decreased presynaptic inhibition) and in patients with unilateral cerebral lesion (no evidence for decreased presynaptic inhibition).
Patients and methods
The investigation was carried out on 28 normal subjects (aged 21-59 years) and 35 spastic patients (aged 13-69 years), all of whom gave informed consent to the procedure which had been approved by the appropriate institutional ethics committees.
Patients
Eighteen patients had spastic hemiplegia, 17 having previously suffered from a stroke and one from head injury. Seventeen had a spinal cord lesion producing complete (eight) or incomplete (nine) paraplegia: traumatic myelopathy in 12, tumour in three, abscess in one and spinal stroke in one. The spastic side was investigated in hemiplegic patients, and the more spastic one in paraplegics if there was any asymmetry. At the time of the investigation the duration of the illness varied from 1 month to 16 years. In all subjects the Achilles tendon jerk was exaggerated (to a greater or a lesser extent) and the degree of spasticity at the ankle level was estimated from 1 to 5 using Ashworth's scale (Ashworth, 1964) . Fifteen patients (nine paraplegics and six hemiplegics) were taking a myorelaxant drug and this treatment was not interrupted at the time of the investigation. Some clinical characteristics, including antispastic medication, are reported in Table 1 . The clinical assessment of spasticity and the neurophysiological testing were performed independently by different investigators. Experiments were performed in three centres with the same standardized protocol and most of them (85%) were conducted by the same experimenter.
General experimental arrangement
The subjects were seated in a comfortable armchair with the hip semi-flexed (120°), the knee slightly flexed (160°) and the ankle 100° on the examined side. Surface electrodes were used for both stimulation and recording. The stimuli were 1 ms (test) or 0.5 ms (conditioning) rectangular pulses. The surface EMG was recorded from pairs of non-polarizable disc (0.9 cm diameter) electrodes placed 1 cm apart over the distal third of the soleus (-10 cm above the calcaneum) and over the vasto-crureus (15 cm above the patella).
The soleus H-reflex was evoked by stimulating the posterior tibial nerve through a unipolar electrode, the active electrode being placed in the popliteal fossa. The reflex amplitude was computer analysed (peak to peak) and expressed as a percentage of the maximum M wave (M max ). In each experimental run, control and conditioned {see below) reflexes were randomly presented. Twenty responses of each alternative were collected. The sensitivity of the H-reflex to facilitation can vary with the size of the unconditioned reflex, since at low reflex amplitudes it increases with the increase in size of the unconditioned reflex (Crone et al., 1990) . Thus, the test stimulus intensity was adjusted so that the unconditioned test reflex was >10% of M max , i.e. within the range where its susceptibility to facilitation no longer increases with the test reflex size (Crone et al., 1990) . It was also checked that the size of the control reflex was clearly below maximum H (H max ), so that the conditioning-induced facilitation could fully manifest itself. The ratio H max /M max was also calculated and expressed as a percentage of M max .
To ensure the reproducibility of the results some patients were investigated several (two or three) times. Almost identical results then were obtained.
Method of assessing presynaptic inhibition of la fibres Principle of the method
The method developed by Hultborn et al. (1987a) to assess presynaptic inhibition of heteronymous la fibres from quadriceps to soleus motor neurons was used (Fig. 1A) . It is based upon the measurement of the soleus H-reflex facilitation produced by femoral nerve stimulation. It has been shown that this facilitation is mediated through a monosynaptic la pathway and that during its first half-millisecond, this facilitation is not yet contaminated by any non-monosynaptic effect (Hultborn et al., 1987a) . Under these conditions, the reflex facilitation depends only on the size of the conditioning excitatory postsynaptic potential (EPSP). A constant conditioning stimulation should elicit an EPSP of constant size in motor neurons, and thus a constant reflex facilitation, unless the amount of presynaptic inhibition of la fibres is changing: the smaller the presynaptic inhibition, the larger the reflex facilitation. The validity of this method was established in animal experiments in which presynaptic inhibition associated with PAD could be assessed by direct tests (Hultborn et al., 1987a) .
Conditioning stimulation
The femoral nerve was stimulated by a unipolar electrode, the active electrode being in the femoral triangle. The stimulus intensity, which was measured by a current probe (Tektronix 6021, Beaverton, USA), was expressed in multiples of the intensity for the quadriceps M wave [X motor threshold (MT)]. It has been shown recently that la excitatory effects evoked by femoral nerve stimulation may not be maximal with stimulus intensities below 4XMT (Grades et al., 1994) . In order to ensure that the conditioning la volley was similar in all subjects, the conditioning stimulus intensity was therefore adjusted between 4 and 5XMT.
Organization of the experiments
The earliest conditioning-test interval at which it was possible to elicit heteronymous la facilitation of the test reflex was first established, using 0.1 ms steps (owing to the more proximal position of the conditioning electrode the test shock had to be delivered before the conditioning one, and the conditioning-test intervals in Fig. IB are said to be negative). This earliest interval was the first of a series of consecutive intervals where there was a reflex facilitation lasting > 1 ms and statistically significant when tested at its maximum. The interval then chosen was 0.4 ms longer at the spinal level (arrow in Fig. IB ). Four sequences were repeated at that interval. The amount of reflex facilitation, i.e. the difference between conditioned and control reflexes, was expressed as a percentage of M max . The mean value and the standard error of the mean (SEM) were calculated in each population (normal subjects, hemiplegics and paraplegics). Variance analysis (F test) was performed and the significance of the difference between results obtained in the different populations were examined by the Scheffe method. Pearson correlation coefficients between neurophysiological results and clinical features were calculated.
Results

Heteronymous la facilitation
As explained in the Patients and methods section, the amount of heteronymous facilitation evoked by a supramaximal stimulation to the femoral nerve was assessed 0.4 ms after its onset. It was checked in two patients that in spastics, as in normal subjects (Crone et ai, 1990) , the sensitivity of the test reflex to facilitation is not modified when the control test reflex size is within the range 10-50% of M max . Accordingly, the size of the unconditioned test reflex was adjusted in all subjects between 10 and 30% of M max .
In Fig. 1C -E each line represents the amount of heteronymous la facilitation obtained in one subject and shaded columns show mean results (+1 SEM) obtained in each population. Figure 1C shows the results obtained in the 28 normal subjects. The mean amount of reflex facilitation, expressed as a percentage of M max , was 3.97±0.4 and most of the individual results (27 out of 28) were inferior to 8.7% of M max (the mean value in paraplegics). By contrast in the 17 paraplegics (Fig. ID) , all individual results were above the mean value in control subjects and the average heteronymous facilitation was 8.7±0.73, the difference with control subjects being highly significant (P < 0.001). Figure IE shows that in the 18 hemiplegics the mean value (3.96±0.67) was not different from that in controls, all the individual results, except two, being below the mean value in paraplegics. The difference between the two populations of patients, paraplegics and hemiplegics, was also highly significant (P < 0.001). When considering only those patients without antispastic medication the mean facilitation in paraplegics (7.73±1) was also significantly (P<0.01) larger than in the control population, whereas there was no significant difference between hemiplegics (5.05 ±0.77) and control subjects. It has been shown that in both paraplegic and hemiplegic patients, the amount of vibratory inhibition gradually decreases with time after the initial lesion (Ashby et al., 1980) . Thus the mean amount of heteronymous la facilitation was compared in patients with a short (=£6 months) and a long (>6 months) duration of disease. The differences between patients with long and short disease duration were not significant, but opposite results were found in paraplegics (9.7 in patients with long duration, 7.8 in patients with short duration) and in hemiplegics (3.1 in patients with long duration, 4.6 in patients with short duration).
subjects (Angel and Hofmann, 1963; Koelman et al, 1993) , and a moderate correlation has been found between the H max / M max ratio and the degree of spasticity (Yanagisawa et al., 1993) . Here the H max /M max ratio had a mean value of 56±3.6% in the control population. It was moderately increased in both hemiplegics (65 ±4.1%) and paraplegics (69±5.1%), but this increase was not statistically significant. There was no significant correlation between the amount of heteronymous reflex facilitation and the H max /M max ratio either in normal subjects (r = 0.13), in paraplegics (r = -0.41) or in hemiplegics (r = 0.22).
Hmax tM max ratio
This ratio has been shown, on average, to be increased in spastic patients compared with the values found in normal Column (3). Lesion: 1 spinal clinically complete; 2 spinal clinically incomplete; 3 cerebral. Column (5). Degree of spasticity as assessed by Asworth's scale. Column (6). Treatment: 0 = none; 1 = Rivotril; 2 = Baclofen; 3 = Dantrolene Sodium. Column (7). Ratio: H max /M max in percentage. Column (8). Facilitation of the soleus H-reflex evoked by femoral nerve stimulation expressed as a percentage of M m ... spasticity made using Ashworth's scale. In 13 patients (11 paraplegics, two hemiplegics), although the Achilles tendon jerk was clearly exaggerated, there was no increase in tone (Ashworth 1). In 10 patients (three paraplegics, seven hemiplegics) the tone was slightly increased (Ashworth 2). In 11 patients (three paraplegics, eight hemiplegics) the tone was markedly increased (Ashworth 3). In only one hemiplegic patient was the tone considerably increased (Ashworth 4). When pooling all the patients without antispastic medication, the amount of heteronymous facilitation of the reflex was not correlated with the degree of spasticity (Fig. 2A, r =  -0.18 ). This absence of correlation was also found when considering only either paraplegics (triangles, r = 0.11) or hemiplegics (circles, r = -0.14). Figure 2B shows that there was no correlation between the amount of heteronymous facilitation and clinical spasticity in patients who took an antispastic medication either (paraplegics, r = 0.37; hemiplegics, r = 0.04). Finally, it must be noted that the mean facilitation was not different in spastics with (6.1 ±0.7) and without (6.4 ±1.2) antispastic medication. Fig. 2 The amount of heteronymous la facilitation of the soleus H-reflex is plotted against the degree of spasticity assessed using Ashworth's scale in paraplegics (triangles) and hemiplegics (circles) with (B, rilled symbols) and without (A, open symbols) antispastic medication.
Correlation between clinical features and heteronymous la facilitation
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Discussion
The most direct evidence of PAD of la afferents, as described by Frank and Fuortes (1957) in animal experiments, is the depression of the monosynaptic EPSP evoked in motor neurons by a constant stimulation of la afferents and occurring without any observable change in motor neuron membrane potential and conductance. In man, the size of heteronymous monosynaptic la EPSPs evoked in soleus motor neurons may be indirectly deduced from the amount of soleus H-reflex facilitation induced by femoral nerve stimulation (Hultborn el al., 1987a) . During its first 0.5 ms the monosynaptic la facilitation is not yet contaminated by any subsequent nonmonosynaptic effect, and it has been shown in animal experiments that changes in presynaptic inhibition of la afferents mediating the conditioning volley are faithfully reflected by alterations in the amount of reflex facilitation (Hultborn et al, 1987a; Rudomin et al, 1991) . Here the soleus H-reflex was conditioned by a volley supramaximal for la afferents in the femoral nerve and the amount of monosynaptic la facilitation, measured 0.4 ms after its onset, was compared in normal subjects and in spastic patients. In paraplegics, but not in hemiplegics, the amount of heteronymous la facilitation was significantly larger than in normal subjects. This should reflect a decrease in the ongoing presynaptic inhibition on heteronymous la terminals to soleus motor neurons in the paraplegics investigated here.
An alternative explanation for the increase in heteronymous facilitation would be that the effects of the descending tract lesion are different on low-and high-threshold motor neurons, thus producing a compression of the range of functional thresholds in the motor neuron pool and thereby an increase in the input-output relation ('recruitment gain') of the test reflex (Kernell and Hultborn, 1990) . As a result, the conditioning volley would fire more motor neurons in the test reflex than in normal subjects and produce a larger reflex facilitation. However, such an increase in the 'recruitment gain' of the reflex should similarly enhance any reflex depression, e.g. the vibratory inhibition of the soleus H-reflex (supposing that the presynaptic mechanisms causing this depression-discussed below-are unchanged). On the contrary, in spastic patients with various spinal lesions, vibratory inhibition of the soleus H-reflex has been shown to be significantly reduced with respect to normal subjects (see below). This argues against an increase in the 'recruitment gain' of the reflex as the cause of the increased heteronymous la facilitation and favours the idea of a change in a presynaptic mechanism.
Thus, the increased la facilitation seen in paraplegic patients can be ascribed to a decrease in presynaptic inhibition of heteronymous la afferents mediating the conditioning volley. With the method used here it was not possible to assess presynaptic inhibition in homonymous la pathways, i.e. the afferent pathway which is relevant to pathophysiology of exaggerated stretch reflexes. However, it has been shown that, at the onset of voluntary contraction of various muscles (Hultborn et al, 1987ft; Meunier and Pierrot-Deseilligny, 1989 ) and during active maintenance of standing (Katz et al, 1988) , presynaptic inhibitions of homonymous and heteronymous la fibres projecting onto soleus motor neurons are modulated in a strictly parallel fashion, which suggests that they are mediated through the same 'presynaptic' interneurons. It is therefore likely that PAD of homonymous la terminals is also decreased in these spastic paraplegic patients.
Vibratory inhibition of the soleus H-reflex has been proposed to investigate PAD of homonymous la fibres mediating the afferent volley of the reflex. Vibration applied to the Achilles tendon evokes an inhibition of the soleus Hreflex whereas the excitability of motor neurons tested through other pathways is unchanged, which implies that a presynaptic mechanism underlies the reflex depression (Delwaide, 1971) . Because vibration produces PAD of la afferents in animal experiments (Barnes and Pompeiano, 1970) , this presynaptic mechanism has been equated with presynaptic inhibition of la afferents and the reduction of this homonymous vibratory inhibition seen in spastic paraplegics has been considered as reflecting a decrease in PAD of la afferents (Delwaide, 1971; Ashby et al., 1980) . However, when a long-lasting vibration is applied to the homonymous tendon the resulting reflex depression very likely also reflects post-activation depression which is disclosed when both conditioning and test volleys are mediated through the same synaptic pathway (Crone and Nielsen, 1989) . Accordingly, it has been shown that a decrease in both PAD of la afferents and post-activation depression contributes to the reduction of the vibratory inhibition in paraplegics (Nielsen and Hultborn, 1993) . A new technique has therefore been proposed where the vibration is applied to a heteronymous tendon (e.g. tibialis anterior or biceps femoris). Under these conditions there is much less contamination (if any) by homosynaptic depression and the reflex inhibition faithfully reflects PAD of la afferents (Hultborn et al., 1987a) . Using this technique it has been shown that PAD of homonymous la fibres is decreased in patients with amyotrophic lateral sclerosis (PierrotDeseilligny, 1990 ) and with multiple sclerosis (Nielsen and Hultborn, 1993) . In patients without antispastic medication ( Fig. 2A) , as in those who took antispastic drugs (Fig. 2B) , the absence of correlation between the intensity of spasticity and the amount of heteronymous la facilitation indicates that the decrease in presynaptic inhibition of la afferents in paraplegics is certainly not the only, or even the main, pathophysiological mechanism responsible for spasticity. This is not surprising, since (i) other spinal mechanisms contribute to the exaggeration of the monosynaptic stretch reflex observed in spastics {see Delwaide, 1993) ; and (ii) spasticity, as assessed by Ashworth's scale, probably also reflects an increased non-reflex stiffness {see Dietz, 1992) .
The most striking finding of the present investigation was the absence of significant difference between normal subjects and hemiplegics. This concerns the mean data, but it can also be pointed out that 16 out of 18 hemiplegics had a low amount of heteronymous facilitation, close to the mean value of normal subjects. The discrepancy between hemiplegics and paraplegics cannot be related to a weaker spasticity in the former, since, if anything at all, the degree of spasticity as assessed by Ashworth's scale was higher in hemiplegics than in paraplegics {see Table 1 and Fig. 2) . Thus, contrary to what was argued from reduced homonymous vibratory inhibition observed in hemiplegics (Delwaide, 1971; Ashby etai, 1980) , the level of presynaptic inhibition of la afferents does not seem to be abnormal in these patients. This could indicate that the reduced vibratory inhibition found in hemiplegics would reflect a decrease in homosynaptic depression, as recently described in spastics (Nielsen and Hultborn, 1993) . The absence of changes in presynaptic inhibition of la afferents in hemiplegics could be related to the finding that in the cat, stimulation of the sensorimotor cortex evokes dorsal root potentials on both sides (Carpenter et al., 1963) . Thus, the simplest explanation could be that the suppression of the descending control from one side is compensated by the other side.
Most of the spinal mechanisms controlling the stretch reflex excitability contribute, to a greater or a lesser extent, to the animal decerebrate rigidity {see Matthews, 1972) . By contrast, in patients with spastic hemiplegia, the only pathophysiological spinal mechanism so far evidenced is decreased Ib inhibition (Delwaide and Oliver, 1988) . All the other spinal mechanisms, which can be explored in man, have been shown not to contribute to the stretch reflex exaggeration. Thus, y-hyperactivation (Hagbarth etal, 1973) , decreased group II inhibition (Burke and Lance, 1973) , decreased recurrent inhibition (Katz and Pierrot-Deseilligny, 1982) and decreased presynaptic inhibition of la afferents (this paper) have been eliminated as contributing significantly to the exaggeration of the monosynaptic stretch reflex. This confirms that animal decerebrate rigidity and human spasticity (at least in hemiplegics) have a completely different pathophysiology.
